Time is scaled with respect to total time, as shown in equation 7 in which unscaled (dimensional) time is denoted with a tilde. t = t t tot = t t exp (1 + τ eq + τ rec ) = t t exp τ tot (7)
Dimensionless Groups
A concise summary of the basic ω, κ, and σ type groups are contained in tables 1, 2, 3, 4, 5 and 6, with an emphasis on how the variables can be arranged to show either rate ratios of competing processes, or ratios of the diffusion or reaction layer to the film thickness. 
Standalone App for Simulations
In order to facilitate the calculation of dimensionless groups and for running full simulations, a standalone app was developed by the use of Matlab App Designer and Matlab Compiler. Installation of the app automatically installs Matlab Runtime, which allows for programs developed by Matlab to be used in a stand alone setting (i.e. without requiring the purchase of Matlab or other software). After entering the dimensional parameters into the app, simulated current-time curves can be generated as shown in figure 1A . Additionally, concentration profiles at specified times can be obtained, as shown in figure 1B. The app is also useful for the calculation of reaction rate ratios and for the ratios of the diffusion or reaction layers to the film thickness, which are located in the app under the tabs "Diffusion and Reaction Rates" and "Diffusion and Reaction Layers"; example screenshots of these are shown in the left and right sides of figure 2 respectively. The use of gauges, in which the quantity of interest is expressed in a logarithmic scale provides a visual representation; rate ratios are represented by half-circular gauges, and ratios of diffusion or reaction layers to the film thickness are represented by linear gauges. More details regarding the use of the app will be included in a user manual which will be built into the app and accessible by means of a selection menu.
Finite Difference Equations
The finite difference equations presented here are for the most complicated mechanism, and for within the film. Equations for simplified mechanisms, or for the solution domain, can be derived by setting the appropriate quantities to zero. The finite difference equations were derived based upon guidelines for the finite volume method 1 . A schematic of the finite difference scheme was constructed, and is shown in figure 3 . The scheme allows for arbitrary variable spacing between the space points. The number of points is variable, as a multiple of 250 per space domain (i.e. a multiple of 1 results in 250 points for each of the two space domains for a total of 500 space points). For clarity, the example of 1000 total points (1001 finite volumes) is given in this section. In this scheme, the spatial discontinuity (film/solution interface) is located at the center of one of the finite volume elements.
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Finite Volume Method Schematic
In order to optimize efficiency with regards to the number of spatial points, the spatial points were concentrated in the areas where demands on the system are higher due to rapidly changing concentration profiles (i.e. at the electrode surface, and at the film/surrounding solution interface). Therefore, a "double exponential" grid was constructed for the film domain, where the degree of spacing exponentially increases from the electrode surface to the center of the film, where it begins to exponentially decrease more and more until reaching the film/solution interface, according to a tuning parameter (β 1 ); higher β 1 values correspond to greater concentration of points at the edges, and a value of zero corresponds to a uniform grid. For the surrounding solution domain, the demands on the system are highest at the film/solution interface and decrease as the concentration profile approaches its bulk value. Therefore, a "single exponential" grid was constructed for the solution domain, in which the spacing exponentially increases from the film/solution interface according to a tuning parameter (β 2 ). Trends for increasing β 2 are the same as those for β 1 ; a zero value of β 2 corresponds to a uniform grid, and increasing β 2 values result in greater concentration at the film/solution interface.
Finite Difference Equations for the Reduced Form of the Mediator (M red )
At the Electrode
For i = 1 ∂ M red ∂t x i = 2 h i τ tot ω M {A − B − C + D} (8) 1-22 | 6 A = 1 (1 + ζ x ) 2 (M red ) x i+1 − (M red ) x i h i − 1 (1 + ζ x ) σ M b (M red ) − σ M f (1 − M red ) x i (9) B = (ν M )κ M cat (M red ) x i (Y ox ) x i 1 ν M µ (M red ) x i + 1 ν M (M red ) x i (Y ox ) x i + ϑ MM (Y ox ) x i h i 2 (10) C = (ν M ) κ M PY (M red ) x i (Y ox ) x i 1 ν M (M red ) x i + ϑ MP (Y ox ) x i h i 2 (11) D = ν M ν Y κ M SC1 (1 − (M red ) x i (1 − (Y ox ) x i h i 2(12)
Within the Film
For i = 2 − 500
At the Film/Solution Interface
For i = 501
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In the Surrounding Solution
For i = 502 − 1000
The application of equation 23 will hold (M red ) x i at its initial value (zero in this case).
At the Bulk
For i = 1001
The application of equation 24 will hold (M red ) x i at its initial value (zero in this case).
Finite Difference Equations for the Oxidized Form of Electron Acceptor Y
At the Electrode
For i = 1 ∂Y ox ∂t x i = 2 h i τ tot ω Y {A − B − C + D + E} (25) A = 1 (1 + ζ x ) 2 (Y ox ) x i+1 − (Y ox ) x i h i − 1 (1 + ζ x ) σ Y f (Y ox ) x i − σ Y b (1 −Y ox ) (26) B = 1 ν M κ Y cat (M red ) x i (Y ox ) x i 1 ν M µ (M red ) x i + 1 ν M (M red ) x i (Y ox ) x i + ϑ MM (Y ox ) x i h i 2 (27) C = 1 ν M κ Y PY (M red ) x i (Y ox ) x i 1 ν M (ϑ MP ) −1 (M red ) x i + (Y ox ) x i h i 2 (28) D = ν Y ν M κ Y SC1 (1 − (M red ) x i (1 − (Y ox ) x i h i 2 (29) E = κ Y YZ (Z ox ) x i (1 − (Y ox ) x i h i 2(30)
Within the Film
At the Film/Solution Interface
In the Surrounding Solution
At the Bulk
Since (Y ox ) x i , the application of equation 46 will hold (Y ox ) x i t=0 = (Y ox ) x i t=t tot at its initial value.
Finite Difference Equations for the Oxidized Form of Electron Acceptor Z
At the Electrode
For i = 1
Within the Film
At the Film/Solution Interface
In the Surrounding Solution
At the Bulk
Since (Z ox ) x i t=0 = (Z ox ) x i t=t tot , the application of equation 59 will hold (Z ox ) x i at its initial value.
Piecewise Verification
Electron Transfer at the Electrode Surface
The heterogeneous electron transfer portion of the model was verified by reduction of the model to contain either the oxidation of M red or the reduction of Y ox ; parameters for these two cases are shown in tables 7 and 8, respectively. Overlay plots showing the results for these two cases are shown in figures 4 and 5 respectively.
Verification of Quasi-Reversible Conditions
The Cottrell equation for a planar macroelectrode, shown in equation 60, was used to verify that the electron transfer rate was not reversible for each given set of dimensional parameters. This was done by calculating the expected current-time curve for reversible electron transfer (dashed grey line), and verifying that it did not overlay with the simulation result (solid blue line).
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As described in the reference textbook 2 , a dimensionless parameter (λ ) can be calculated which simultaneously considers the effects of k 0 i , the diffusion coefficient, as well as the measurement time on the overall electron transfer rate as shown in equation 61. Quasi-reversible conditions correspond to λ in the range 10 −2α ≤ λ ≤ 2.
Analytical Expressions for Current-Time Curves With Quasi-Reversible Kinetics
An analytical expression from a reference textbook 2 for quasi-reversible kinetics (shown in equation 62) was used for quantitative verification of the simulation for conditions of quasi-reversible electron transfer. This equation is applicable when the system contains only one species (either oxidized or reduced) at its starting condition. The H value needed for equation 62 is given by equation 63 when the diffusion coefficients of the oxidizing and reducing species are equal.
Mediator Pair (M red |M ox ) Results
For verification of the mediator electron transfer process at the electrode surface, the starting conditions of the film were set to the fully reduced state, and conditions for oxidation under quasi-reversible conditions were set. The overlay of the current-time curve from the simulation with the calculated current-time curve from equation 62 demonstrates correctness of the verification results for quasi-reversible electron transfer. The concentration profile snapshot, shown in figure 4B , taken at 30 s, shows the expected depletion of the reduced form of the mediator near the electrode surface, as well as confinement of M red to the film. 
Electron Acceptor Pair (Y red |Y ox ) Results
For verification of the electron transfer process at the electrode surface for electron acceptor Y , the starting conditions of the system were set to the fully oxidized state, and conditions for reduction under quasi-reversible conditions were set. The overlay of the current-time curve from the simulation with the calculated current-time curve from equation 62 demonstrates correctness of the verification results for quasi-reversible electron transfer. A concentration profile snapshot, shown in figure 5B , shows the expected depletion of the reduced form of the mediator near the electrode surface, as well as the presence of Y ox in both space domains. These calculations also serve as verification of the SC2 portion of the model, since the SC2 process is defined as the oxidation of Y red to Y ox at the electrode surface. 
Catalysis Within the Film
Enzymatic Reaction
Successful implementation of the enzymatic catalysis portion of the model was verified by reduction of the model such that the electron transfer and the catalytic (bimolecular) reaction is so fast that only the diffusion of Y limits the system. Since the rightmost (bulk) boundary condition of the surrounding solution space domain sets the concentration to its maximum value (rather than setting the flux equal to zero), setting ζ x to a small value (0.001) results in a system which corresponds to fast electrode rotation. This allows for direct comparison of the simulation results to those from a reference model 3 .
The parameters used are summarized in table 9.
The obtained current-time curve is shown in Figure 6 . The steady state concentration profile, taken at 998.5 seconds, is consistent with a region VII assignment, in which M red , but not Y ox , reaches full depletion at a location within the film.
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Bimolecular Reaction
Successful implementation of the bimolecular catalysis portion of the model was verified by reduction of the reaction scheme such that it includes only the reaction of the mediator (which acts as a catalyst in this case) and electron acceptor Y with bimolecular kinetics. As in the enzymatic reaction verification, selection of a very small value of ζ x (0.001), suitable dimensional parameters, and by setting SC1 and SC2 to zero, the model reduced to the "S" case of a reference model 4 .
The obtained current-time curve is shown in figure 7A , and the concentration profile at a time of 1500 s is shown in figure 7B . The analytical expression for prediction of the steady state current for a region S film ( Table 2 in 
Solar Fuel Production Section Verification
Successful implementation of the solar fuel production portion of the model was performed by reduction of the overall process to match conditions in a reference model 4 . The parameters for the bimolecular reaction for solar fuel production were set with the purpose of once again recreating the "S" case, except with reaction between the mediator M and electron acceptor Z.
In the reaction scheme, either a bimolecular or an enzymatic reaction process is in between the electron transfer of the mediator and the reaction for the production of the solar fuel. For the case of enzymatic reaction, a combination of a high k cat and low values of K M and D Y will cause the intermediate reaction process to have no impact on the overall kinetics, allowing for the system to be treated as the direct reaction between M and Z.
The resulting current-time curve, shown in figure 8A , and the concentration profile, shown in figure 8B , once again correspond to the "S" case, except that in this case, the Z ox concentration profile linearly decreases within the film. The Y ox concentration profile is at a constant value of 1 throughout the entire system, indicating that the selected parameter values were successfully set such that the intermediate reaction between P and Y posed no limitation to the overall kinetics.
The analytical expression for prediction of the steady state current for a region S film ( The current-time curves and static concentration profiles in the absence and in the presence of SC1 are shown in Figure 9 . The parameters used for the simulations are given in table 12.
Summary of Parameters
The current-time curve without SC1, shown in Figure 9A , showed a steady decay in current after initial illumination of the film, as is expected for stationary conditions. Also as expected, the total current decreased upon the introduction of SC1, as shown in Figure 9C ; the loss of catalytic current due to SC1 can be seen by comparison of the calculated curves for the absence of SC1 (dotted light blue curve), and for the presence of SC1 (dashed grey line).
Inspection of the corresponding concentration profiles at 1501.5 s, shown in Figure 9B and Figure 9D , show two important qualitative features. Firstly, in contrast to the condition for no SC1 shown in Figure 9B , in which Y ox is completely depleted at the electrode surface, the generation of Y ox at the electrode surface due to SC1 causes its concentration at the electrode to increase above zero, as shown in Figure 9B . Secondly, in the presence of SC1, there is also a substantial change in the location of catalysis within the film. Inspection of the concentration profiles in the absence of SC1 ( Figure 9B ), shows that catalysis is limited to a narrow section near the electrode surface, because both of the reaction species (M red and Y ox ) are present only very close to the electrode surface. In contrast, in the presence of SC1 ( Figure 9D ), significant concentrations of both reaction species are present throughout the entire film; therefore, catalysis within the film is decentralized in the presence of SC1. 
